INTRODUCTION {#SEC1}
============

The evolutionarily conserved intercellular Notch signaling pathway plays a fundamental role in the regulation of cell-fate, proliferation, and patterning in many cell-types ([@B1]). Interaction between integral membrane Notch receptors (Notch1--4) and Delta-like or Jagged ligands results in proteolytic cleavage of the receptor, release of the transcriptionally active Notch intracellular domain (NICD), and translocation of the NICD to the nucleus where it interacts with the multifunctional DNA binding protein, RBPJ. In the absence of NICD, RBPJ binds a consensus site (GTGGGA) within the promoters of Notch target genes and inhibits gene expression by recruiting transcription repressors. NICD binding to RBPJ displaces the repressive factors but also leads to the recruitment of Mastermind-like (MAML) which, in turn, helps recruit other transcription activators such as the histone acetyltransferase, p300. The best characterized Notch targets are the inhibitory bHLH transcription factors of the Hes and Hey families that contain high affinity RBPJ binding sites within their promoters and that are up-regulated relatively quickly following Notch activation. Evidence suggests that many Notch effects are mediated by Hes/Hey-dependent repression of cell fate determinants and cell cycle regulators.

A variety of global and tissue-specific gain and/or loss of function models have been used to demonstrate that Notch/RBPJ-dependent transcription plays a particularly important role in cardiovascular development ([@B7],[@B8]). Notch receptors and ligands are expressed throughout the developing heart where they regulate specification and differentiation of myocardial cells, as well as the complex morphogenic events that are required for chamber formation, valve development, and outflow track remodeling and alignment. Notch/RBPJ signaling is also required for smooth muscle cell (SMC) differentiation from several embryonic origins including cardiac neural crest cells ([@B9]), epicardial cells ([@B10]) and Tie-1 expressing stem cells ([@B11]). RBPJ binding sites have been described in the smooth muscle α-actin and smooth muscle myosin heavy chain (SM MHC) promoters ([@B5],[@B12]), but the direct effects of Notch/RBPJ on the SMC differentiation marker gene expression are somewhat controversial and seem to be context dependent ([@B13]).

It is well known that SMCs are not terminally differentiated and under various stresses (including cell culturing) modulate their phenotype by repressing SMC differentiation marker gene expression. We have recently shown that down regulation of SM MHC expression in cultured SMCs was associated with progressive methylation of a GC rich repressor element (GCGGGA) within the SM MHC promoter ([@B14]). Importantly, using a non-biased affinity chromatography/mass spectroscopy-based approach, we identified RBPJ as a methylated GC-repressor binding protein and went on to show that structural similarities between methylated cytosine and thymine allow for RBPJ binding to this sequence. Importantly, RBPJ depletion in phenotypically modulated SMCs 'derepressed' the SMC markers by promoting the binding of serum response factor (SRF) to their promoters.

Several groups have now used ChIP-seq approaches in C2C12 skeletal myoblasts ([@B15]), immortal lymphoblast cell lines ([@B16],[@B17]) and embryonic neural cortices ([@B18]) to better characterize Notch/RBPJ-dependent gene expression. In addition to identifying novel direct Notch/RBPJ targets in these cell-types, it was also shown that DNA from RBPJ ChIPs was significantly enriched for other transcription factor binding sites (e.g. ZNF143, Ets, Runx, among others) suggesting that RBPJ/Notch-dependent transcription is modulated by combinatorial interactions with additional factors ([@B16]). In addition, in lymphoblasts many RBPJ only binding sites were detected within transcriptionally inactive regions providing further support for RBPJ's role as a repressor ([@B19]).

To further investigate the role of RBPJ in the regulation of SMC phenotype and to evaluate the potential role of methylation-dependent RBPJ binding, we performed RBPJ ChIP-seq experiments in cultured human aortic (HuAo) SMCs. Our data indicate that RBPJ interacted not only with regulatory regions containing the canonical RBPJ site, but also with methylated CpG-containing motifs located within the Alu family of repeat elements. When coupled with additional genome-wide determinations, our data indicate that RBPJ and SRF cooperate to regulate gene expression in HuAo SMCs and that nucleosome phasing is a critical determinant of RBPJ DNA binding.

MATERIALS AND METHODS {#SEC2}
=====================

Cell culture and knockdowns {#SEC2-1}
---------------------------

700 000 HuAo SMCs (Lonza) were plated in 10 cm dishes in SmGM-2 media. On each of the next two days, cells were transfected with siRNAs targeting RBPJ, SRF or GFP using standard Dharmacon protocols. After another 24 h cells were used for ChIP, western blot and RNA seq determinations. For experiments involving TGF-β treatment, cells were serum-starved for 16 h and then treated with TGF-β (1 ng/ml) for an additional 24h. SMARTpool siRNAs for RBPJ (M-007772-00) and SRF (M-009800-02) were obtained from Dharmacon. siRNA against GFP was as follows: GGUGCGCUCCUGGACGUAGCCGGCUACGUCCAGGAGCGCACC.

ChIP-seq and ChIP-PCR {#SEC2-2}
---------------------

Chromatin immunoprecipitation was performed according to Enzymatic Simple ChIP magnetic kit (Cell Signaling) except 0.7% formaldehyde was used for crosslinking. Antibodies were RBPJ (D10A4) from Cell Signaling, SRF(G-20) from Santa Cruz biotechnology, RNA Pol II (8WG16) from Millipore and H3K9ac from Abcam. 1% of input from control cells was also sequenced. DNA samples for high throughput sequencing were prepared by the UNC genomics core and 50bp or 100 bp paired ends sequencing was performed using the Illumina platform. For ChIP-PCR and for RNA Pol II and H3K9ac ChIP-seq, the MNAse digestion step was replaced with a sonication step in 0.12% SDS followed by 5× dilution with concentrated ChIP buffer. To quantify RBPJ binding to nucleosomes, Flag-RBPJ was transfected into 293 cells. Cells were fixed with 0.7% formaldehyde and DNA was digested by 10 ul MNAse (New England Biolabs) to an average length of 120 bp. Flag-RBPJ was precipitated using Flag-M2 agarose beads (Sigma) and washed immunoprecipates were subjected to western blotting using Abs to Flag or HistoneH3 (sc-8654) from Santa Cruz.

High throughput sequencing data analysis {#SEC2-3}
----------------------------------------

Raw sequencing reads were mapped to hg19 using bowtie2 <http://bowtie-bio.sourceforge.net/bowtie2/index.shtml> ([@B20]). Reads from replicate experiments were concatenated into a single file before peak calling. ChIP peaks were called with MACS software <http://liulab.dfci.harvard.edu/MACS/> version macs14 1.4.1 ([@B21]) using the following parameters---macs14 -t ChIP.bed -c INP.bed -n ChIP -g hs -p 0.000001 -m 5,30 -s 20. Danpos 2 was used to calculate nucleosome positions and phasing scores proportional to the quantity of DNA protected from MNAse digestion for each calculated nucleosome position <https://sites.google.com/site/danposdoc/> ([@B22]). Homemade awk scripts were used to calculate distances between nucleosome borders and Alu start sites and motif positions that were extracted from the genome hg19 using bowtie. Motif analysis was done using CisFinder <https://lgsun.irp.nia.nih.gov/CisFinder/> ([@B23]). We used SeqMiner for clustering of ChIP-seq datasets <https://sourceforge.net/projects/seqminer/> ([@B24]). Homer softeware was used for calculation of normalized RNA levels, DNA ends densities, and scores of RNA Pol II in 2000 bp regions surrounding summits of RBPJ peaks <http://homer.ucsd.edu/homer/> ([@B25]). For facilitating comparisons between experiments, Homer-counted reads were normalized to total read counts in each experiment. RNA-seq datasets were processed using standard cufflinks workflow <http://cole-trapnell-lab.github.io/cufflinks/> ([@B26]) or Homer ([@B25]) with similar results obtained by both programs. When plotting RNA Pol II binding data only those regions with average RNA Pol II Homer read scores over 20 were used. Similarly, we analyzed 26 762 genes isoforms with RNA levels scores more than 20. Metascape software was used to analyze gene annotations <http://metascape.org/gp/index.html#/main/step1> ([@B27]). All data is presented in supplementary excel file with appropriate 0--1 filters.

EMSA {#SEC2-4}
----

RBPJ clone BC051387 was purchased from OriGene and cloned into mammalian expression pcDNA3 vector (Invitrogen) with a Flag epitope on the C-terminus. Flag-RBPJ was expressed in Cos cells by transient transfection and nuclear extracts were prepared by Pierce NE-PER kit. 1.5 ul of nuclear extract was incubated with 0.12 pmol of P-32 labeled probe (see Figure [1](#F1){ref-type="fig"} for sequences) and 2.5 pmol of random 20 bp oligos in binding buffer (10 mM HEPES pH 7.4, 150 mM NaCl, 1 mM MgCl~2~, 8% glycerol, 0.05% Triton X-100, 1 mM DTT). Samples where run on a native gel, dried, and exposed to film.

![ChIP-seq analysis of RBPJ binding sites in HuAo SMC identified consensus and methylated Alu motifs. Motif over-representation at RBPJ ChIP-seq peaks summits (±100 bp) when repetitive elements were included (**A**) or not included (**B**) in the analysis. Quantification of motif enrichment is listed at right, and putative RBPJ binding sites are boxed. (**C**) Gel shift assays were performed by incubating RBPJ-containing COS cell lysates with the methylated or unmethylated double stranded DNA probes listed at right. Note that RBPJ interacted only with probes containing the CmGGGA sequence (lower arrow). Note that the binding reaction in lane 7 contained lysates from COS cells transfected with empty expression vector, and the upper arrow marks a non-specific, non-RBPJ-containing binding complex. (**D**) Distribution of Methylated Cytosine RBPJ binding elements near RBPJ peak summits or 30 000 random DNase hypersensitivity (DHS) regions summits. (**E**) Distribution of consensus RBPJ binding elements near RBPJ peak summits or 30 000 random DHS regions summits.](gky562fig1){#F1}

RESULTS {#SEC3}
=======

RBPJ associated with methylated Alu repetitive elements in addition to consensus sequences {#SEC3-1}
------------------------------------------------------------------------------------------

Our recent demonstration that RBPJ binds a methylated repressor element within the SM MHC promoter ([@B14]) suggested a novel mechanism for RBPJ-dependent gene regulation. To begin to examine this possibility, we identified RBPJ binding sites in HuAoSMCs using ChIP-seq approaches. By comparison of read densities in RBPJ ChIP DNA and DNA samples before immunoprecipitation, we identified 28 220 RBPJ binding sites with MACS using a stringent cut off at *P* = 10^−6^ ([Supplemental excel table](#sup1){ref-type="supplementary-material"}). We next used CisFinder to search for over-represented sequences in the 200 bp region centered at RBPJ peak summits (Figure [1A](#F1){ref-type="fig"}). Although consensus RBPJ and ETS factor binding sites were enriched in the RBPJ ChIP data set, the top 3 scoring motifs were sequences within the Alu family of repetitive elements that consist of two nearly identical repeat sequences of the ancestral 7SL RNA gene ([@B28]) ([Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}). When repetitive elements were excluded from our enrichment analysis, we identified two additional over-represented sequences, one of which was a consensus AP-1 element (Figure [1B](#F1){ref-type="fig"}).

Alu elements encompass ∼10% of the human genome, contain over 25% of all CpGs, and are heavily cytosine methylated in most cell types including SMC ([@B29],[@B30]). One of these Alu sequences, herein referred to as the Methylated Cytosine RBPJ binding element (MCR), contained a potential methylation-dependent RBPJ binding sequence (CGGGA) positioned head to head with a second nearly consensus RBPJ binding sequence (TGGGA). Since this arrangement is similar to that of the RBPJ binding sites within the Hes1 promoter ([@B31]), we characterized RBPJ binding to this sequence using gel shift assays with methylated and non-methylated probes. As shown in Figure [1C](#F1){ref-type="fig"}, RBPJ did not bind to the more consensus RBPJ binding sequence TGGGA under any condition tested. In contrast, RBPJ did bind to the CGGGA sequence, but only when this cytosine was methylated. We and others have shown that thymine and methylated cytosine can function interchangeably within an RBPJ binding site ([@B14],[@B32]) most likely because both of these pyrimidines are methylated at the 5′ position. However, this was not the case for RBPJ binding to the MCR (Figure [1C](#F1){ref-type="fig"} compare lanes 4 and 6).

To further address methylation-dependent RBPJ binding within Alu sequences, we characterized four RBPJ binding peaks whose summits were within 200 bp of an MCR (see below and Methods). As shown in [Supplementary Figure S1B](#sup1){ref-type="supplementary-material"}, targeted ChIP assays in control and RBPJ knockdown cells confirmed that all four regions were bound to RBPJ and bisulfite sequencing demonstrated that the CpG was fully methylated in three out of four of these MCR sequences ([Supplementary Figure S1C](#sup1){ref-type="supplementary-material"}). Interestingly, ChIP assays for the Notch3 NICD demonstrated little if any Notch3 binding to the Alu regions even though we detected significant levels of cleaved NICD3 in these cells ([Supplementary Figure S1D](#sup1){ref-type="supplementary-material"}) and precipitated ∼30% of total NICD3 protein (data not shown). As expected, analysis of the distribution of MCR and classical RBPJ binding motifs revealed enrichment of these sequences within 200 bp of RBPJ summits (Figure [1D](#F1){ref-type="fig"} and [E](#F1){ref-type="fig"}). Even though Alu sequence varies at this position, the CGGGA sequence was much more prevalent in the Alu data set than the TGGGA sequence ([Supplementary Figure S1E](#sup1){ref-type="supplementary-material"}). Taken together, these results strongly support our previous demonstration that RBPJ interacts with methylated DNA and suggest that methylated Alu elements are a major sub-set of RBPJ interaction sites.

Differential chromatin structure at RBPJ-binding subsets {#SEC3-2}
--------------------------------------------------------

To better understand the role of RBPJ binding on gene expression in HuAo SMC, we compared our RBPJ ChIP-seq data set with other genome-wide determinations including DNase hypersensitivity and ChIP-seq data for RNA polymerase II, H3K9ac, and serum response factor (SRF), a transcription factor required for SMC marker gene expression ([@B14]). As shown in Figure [1D](#F1){ref-type="fig"}, RBPJ-binding MCR sequences were not found within 30,000 randomly selected DNase hypersensitive (DHS) sites, consistent with the observation that Alu repeats are excluded from active promoter regions ([@B33]). In contrast, DHS sites were not depleted from RBPJ binding regions that contain the classical RBPJ binding sites (Figure [1E](#F1){ref-type="fig"}). Indeed, cluster analysis of our genome-wide data sets revealed that RBPJ binding peak summits co-localized either with positive regulatory marks or with Alus, but not both (Figure [2A](#F2){ref-type="fig"}, compare clusters 1--3 with cluster 4). Interestingly, RBPJ binding to the non-Alu subset was enriched at promoter regions ([Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}) and the majority of these sites overlapped (74%) or was directly adjacent to DNAse hypersensitivity and SRF-binding regions (63%). The fact that 59% of the non-Alu subset also exhibited high H3K9 acetylation and RNA Pol II binding (Figure [2A](#F2){ref-type="fig"}, clusters 1 and 2) strongly suggested that RBPJ and SRF factors cooperate to regulate gene expression in SMC. We also found that RBPJ binding sites tended to cluster in promoter regions ([Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}) and that SRF binding was not detected within Alu elements.

![Differential chromatin structure and transcription factor binding between consensus and Alu RBPJ binding sites. (**A**) Heat map of clustered reads densities for the indicated genome-wide determination or DNA sequence feature centered around RBPJ peak summits for all 28 220 RBPJ binding sites. (**B**) The same analysis as in A for the 4921 RBPJ peak summits that intersected with an Alu element within 200 bp. (**C**) Quantification of DNA ends densities for MNAse digested input, RBPJ immunoprecipitated, and DNase hypersensitive DNA for cluster 1 (without Alu) and cluster 5 (with Alu) regions.](gky562fig2){#F2}

Specific clustering of the Alu-containing subset of RBPJ binding sites revealed that some were associated with open chromatin (Figure [2B](#F2){ref-type="fig"}, clusters 5--7). However, these open chromatin regions were always offset from RBPJ peak summits, and quantification of DNA end densities with Homer software revealed that they were less open than those associated with consensus RBPJ binding sites (Figure [2C](#F2){ref-type="fig"}). The Alu-containing RBPJ binding sites were not significantly enriched at promoters and only 11% were associated with RNA Pol II binding (cluster 5 in Figure [2A](#F2){ref-type="fig"}). These data suggest that RBPJ binding to methylated Alu elements may contribute to the repressive function of Alu elements. Moreover, the frequent adjacent positioning of RBPJ binding to other positive chromatin regions in both the Alu and non-Alu subsets (clusters 1, 5, 6 and 7 in Figure [2A](#F2){ref-type="fig"} and [B](#F2){ref-type="fig"}) suggests that RBPJ may serve as a boundary transcription factor under certain conditions.

RBPJ depletion enhanced the differentiation program of HuAoSMCs {#SEC3-3}
---------------------------------------------------------------

To help identify direct RBPJ targets in HuAo SMCs we identified genes that were up- or down-regulated by RBPJ knockdown by at least 2-fold (as measured by RNA seq) that also exhibited a similarly directed change in RNA Pol II ChIP signal at the RBPJ binding region nearest to that gene\'s transcription start site. Based upon the above criteria, we identified 82 genes that were up-regulated and 187 genes that were down-regulated by RBPJ knockdown (Figure [3A](#F3){ref-type="fig"}). Gene ontology (GO) analysis of the 82 induced genes revealed programs related to vascular development, TGF-β signaling, ventricle septum morphogenesis, muscle/smooth muscle contraction, actin assembly, and regulation of cell cycle (Figure [3B](#F3){ref-type="fig"}). The 187 genes that were repressed by RBPJ knockdown included antiviral response, interferon, cytokine, TNF and NF-κB signaling components (Figure [3C](#F3){ref-type="fig"}). These data are consistent with our previous demonstration that RBPJ repressed SMC differentiation in phenotypically modulated cultured HuAo SMCs ([@B14]). In further support of this idea, the changes in gene expression and H3K9 acetylation observed in RBPJ depleted cells were similar to those induced by treatment of cells with TGF-β, an agonist known to promote the differentiated SMC phenotype ([Supplementary Figures S3A and S5B](#sup1){ref-type="supplementary-material"}). Moreover, knockdown of RBPJ resulted in increased H3K9 at a large number of TGF-β signaling and matrix-associated genes ([Supplementary Figure S3B](#sup1){ref-type="supplementary-material"}). Of interest, as quantified in Figure [4A](#F4){ref-type="fig"}, a majority of the genes that were induced or repressed by RBPJ knockdown were associated with the cluster of RBPJ binding sites that localized to the edges of transcriptionally active regions (cluster 1 from Figure [2A](#F2){ref-type="fig"},) providing additional support for RBPJ's role as a potential boundary factor.

![RBPJ depletion in HuAo SMC promoted a differentiation gene program. (**A**) RNA Pol II binding and RNA expression in control and RBPJ depleted cells genes were assessed by ChIP-seq and RNA-seq respectively. The RBPJ-depletion-induced change in RNA Pol II binding within the 2000 bp around RBPJ summits was plotted against the RBPJ-depletion-induced change in RNA levels for the genes closest to that specific RBPJ binding site. Genes with RNA level measurements of \<20 normalized read counts or RNA Pol II binding of \<20 normalized read counts were excluded from the analysis. (**B**) GO annotation clustering for 82 genes up-regulated by RBPJ knockdown as defined as those that exhibited a \>2-fold increase in expression and a \>1.7-fold increase in RNA Pol II binding. (**C**) GO annotation clustering for 187 genes inhibited by RBPJ knockdown as defined by a \>50% reduction in expression coupled with a decrease in RNA Pol II binding.](gky562fig3){#F3}

![RBPJ and SRF cooperated to regulate gene expression in SMC. (**A**) Coordinately induced and repressed genes were categorized based upon the cluster analysis shown in Figure [2A](#F2){ref-type="fig"}. (**B**) Quantification of RNA Pol II binding centered at RBPJ summits in control, RBPJ and RBPJ/SRF double knockdown cell lines for the indicated cluster from Figure [2A](#F2){ref-type="fig"}. Genes induced (top) or repressed (bottom) by RBPJ knockdown were analyzed separately. (**C**) RNA Pol II binding to and mRNA expression of the indicated SMC-specific genes was measured by targeted ChIP and semi-quantitative RT assays, respectively, in RBPJ knockdown and RBPJ/SRF double knockdown cells. (**D**) UCSC browser screenshot highlighting changes in RNA Pol II binding and mRNA induction at the MICAL2 gene in RBPJ and RBPJ/SRF double knockdown Hu Ao SMC. A previously un-annotated transcription start was identified and is marked by an arrow.](gky562fig4){#F4}

Due to the longer distances between RBPJ-binding Alu elements and transcription start sites, the lower number of Alu-associated genes, and the relatively smaller changes in gene expression and RNA Pol II binding observed following RBPJ knockdown, it was more difficult to conclude that RBPJ binding at these regions directly regulated nearby genes. Nevertheless, similar groups of genes were up-regulated (transcriptional activity of SMADs, muscular development) and down-regulated (inflammatory genes) by RBPJ depletion ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}).

RBPJ and SRF co-operated to regulate gene expression and RNA Pol II recruitment {#SEC3-4}
-------------------------------------------------------------------------------

We have previously shown that RBPJ depletion promoted SMC differentiation marker gene expression in phenotypically modulated HuAo SMCs by enhancing SRF binding ([@B14]). To further examine the functional relationship between RBPJ and SRF in HuAoSMC we compared RNA seq data between RBPJ knockdown, SRF knockdown, and RBPJ/SRF double knockdown cells. In general, RBPJ knockdown enhanced the expression of a variety of developmental genes, consistent with its involvement in the control of cell fate decisions. This increase was SRF-dependent for a subset of these genes, and in agreement with our previous studies ([@B14]), this subset included many genes related to vascular development and SMC contraction ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}; black dots and bars). These SRF-dependent genes were also preferentially up-regulated by TGF-β ([Supplementary Figure S5B](#sup1){ref-type="supplementary-material"} and S5C). RBPJ knockdown inhibited inflammatory and immune response gene expression and this effect was increased by co-depletion of SRF ([Supplementary Figures S5 and S6](#sup1){ref-type="supplementary-material"}; red and pink dots, respectively) suggesting that these transcription factors cooperate to promote the activity of these programs. Finally, SRF depletion on its own inhibited many genes associated with cell proliferation ([Supplemental Figure S6](#sup1){ref-type="supplementary-material"}), consistent with its involvement in this process.

Importantly, we observed a similar relationship between RBPJ and SRF in regard to RNA Pol II binding. For those genes where RNA Pol II binding was induced by RBPJ depletion, this signal was attenuated by co-depletion of SRF (Figure [4B](#F4){ref-type="fig"}, upper panels). In contrast, when RNA Pol II binding was repressed by RBPJ depletion, we observed further decreases in RNA Pol II binding in double knockdown cells (Figure [4B](#F4){ref-type="fig"}, lower panels). This functional interaction between RBPJ and SRF was confirmed by RNA Pol II ChIP assays specifically targeted to the SMC marker gene promoters and RT-PCR measurements of SMC marker gene expression (Figure [4C](#F4){ref-type="fig"}). An additional excellent example of this regulatory mechanism is the RBPJ/SRF-dependent regulation of protein-methionine sulfoxide oxidase (MICAL2), an atypical actin-regulatory protein that promotes the activity of the Myocardin-related SRF co-factors (Figure [4D](#F4){ref-type="fig"}).

RBPJ bound to phased nucleosomes {#SEC3-5}
--------------------------------

During the analysis of our RBPJ ChiP seq data, we noticed that RBPJ binding peaks were always associated with increases in the quantity of input DNA (see Figure [2A](#F2){ref-type="fig"} and [B](#F2){ref-type="fig"}) and input DNA ends density (Figure [2C](#F2){ref-type="fig"}), suggesting nucleosome-mediated protection from MNase cleavage in these regions. Given that nucleosome structure is thought to influence the positioning of transcription factor binding in general ([@B34]) and the positioning of RBPJ binding specifically ([@B35]), we examined this relationship more closely by clustering RBPJ, SRF and Input DNA around RBPJ and SRF summits (Figure [5A](#F5){ref-type="fig"} and [B](#F5){ref-type="fig"}). Several observations are worth noting. First, when input DNA ends densities were centered at RBPJ binding peak summits, we observed peak maxima on opposite strands that were separated by ∼140 bp consistent with nucleosome protection from MNAse digestion (Figure [5C](#F5){ref-type="fig"}). The fact that peak maxima on the same strand were separated by ∼200 bp suggests the existence of a 60 bp linker between nucleosomes. Assuming, that the maxima of DNA ends densities on separate strands correspond to the maxima of nucleosome protection, this would localize the RBPJ binding site to ∼40--100 bp within nucleosomes. Second, when centered at SRF summits, we observed a 160 bp distance between input DNA ends density maxima on opposite strands with 40 bp intersection with SRF summits suggesting that SRF binds at 20--120 bp within the nucleosome core placing it closer to the edges of or in between nucleosomes (Figure [5D](#F5){ref-type="fig"}). Interestingly, we also observed a wider array of fixed nucleosomes positioning around SRF summits. Third, we observed higher DNA ends densities of input material at sites that bound both RBPJ and SRF than at sites that bound either transcription factor alone. Finally, the maxima of DNA ends enrichment for RBPJ and SRF ChIP DNA (--100 bp and −80 bp, respectively) corresponded to DNA ends of phased nucleosomes (Figure [5E](#F5){ref-type="fig"} and [F](#F5){ref-type="fig"}). To verify RBPJ binding at nucleosomes biochemically, we over-expressed Flag-RBPJ in 293 cells, and after fixation and MNAse over-digestion, immunoprecipitated Flag according to our ChIP protocols. As shown in [Supplementary Figure S7](#sup1){ref-type="supplementary-material"}, ∼1% of histones co-immunoprecipitated with Flag RBPJ.

![RBPJ, SRF, and phased nucleosomes colocalized. (**A**) Heat map of RBPJ ChIP, SRF ChIP and input DNA densities clustered around RBPJ summits. (**B**) Heat map of RBPJ ChIP, SRF ChIP and input DNA densities clustered around SRF summits. Note the increase of input DNA density under RBPJ summits and the two peaks of input DNA density at regions where SRF binds without RBPJ (cluster 4). (**C**) DNA ends densities for input material for DNA ends clusters centered around RBPJ with or without SRF binding. (**D**) DNA ends densities for input material for DNA ends clusters centered around SRF summits with or without RBPJ binding. (**E** and **F**) Plot of RBPJ and SRF ChIP signals relative to input DNA centered at corresponding RBPJ and SRF summits.](gky562fig5){#F5}

Modeling RBPJ binding to nucleosomes {#SEC3-6}
------------------------------------

We hypothesized that nucleosome positioning could influence RBPJ binding by locating the RBPJ binding element at specific positions around the nucleosome core. To address this, we first used DANPOS2 software to determined nucleosome scores for specific data subsets (i.e. Alus, RBPJ-binding regions, etc.). RBPJ-binding regions had relatively high nucleosomes scores that were on par with the 2.4 million Alu regions analyzed (Figure [6A](#F6){ref-type="fig"}). We next plotted the nucleosome scores for Alu elements in relation to their position within nucleosome structure. The highest scores were for Alu\'s whose start sites ranged from −150 bp to the nucleosome border (Figure [6B](#F6){ref-type="fig"}, black line). The subset of Alus that were bound to RBPJ exhibited a similar pattern, although the nucleosome scores for these regions were slightly higher and a bit more variable (Figure [6B](#F6){ref-type="fig"}, red line). Our data also suggested that RBPJ preferentially bound Alus that started around −150 relative to nucleosomes borders (Figure [6C](#F6){ref-type="fig"}, red line). Based upon the known positioning of the MCR within Alus, we predicted that the MCR should preferentially localize to either 12 or 62 bp within nucleosomes. Indeed, actual measurements of MCR positioning relative to nucleosome borders for all nucleosome and the RBPJ bound subset confirmed this prediction (Figure [6D](#F6){ref-type="fig"}, brown enrichment line) Taken together these data support the RBPJ binding model show Figure [6E](#F6){ref-type="fig"}. Importantly, analyses of the classical RBPJ binding site GTGGGA revealed a similar pattern of nucleosome positioning for these elements (Figure [6F](#F6){ref-type="fig"}).

![RBPJ preferentially bound at 15 and 65 bp from nucleosome borders. (**A**) Nucleosome scores and positions were calculated by Danpos using default parameters and were plotted for the indicated groups as a fraction of their distribution. (**B**) Average nucleosome scores and Alu nucleosome coverage in base pairs (orange line) plotted verses Alu start position relative to the 5′ end of bound nucleosome reveals highest nucleosomes scores and coverage for Alus that start at around −150 or closer relative to the 5′ of nucleosomes for All nucleosomes with MCR (black line) and RBPJ bound subset (red line). (**C**) Distribution of Alu start sites relative to 5′end of bound nucleosome for all Alu with MCR and RBPJ bound subset reveals that Alus preferentially start at either −150 bp or +10 bp relative to nucleosome border and these are overrepresented in RBPJ bound group. (**D**) Distribution of MCR motifs relative to nucleosome borders for all Alu bound nucleosomes (black) and the RBPJ bound subset (red line). (**E**) Model depicting probable Alu positioning and RBPJ binding locations within nucleosome structure. (**F**) Distribution of the consensus GTGGGA sequence relative to nucleosome borders for all nucleosomes (black) and RBPJ bound subset (red line).](gky562fig6){#F6}

DISCUSSION {#SEC4}
==========

Our genome-wide analysis of RBPJ in HuAo SMC has led to several novel and potentially important insights into RBPJ's role in the regulation of gene expression and chromatin structure. Importantly, our ChIP seq data indicated that RBPJ bound not only to consensus elements within transcriptionally active chromatin regions, but also to methylated sequences within Alu repeats. These results add to a growing body of evidence supporting the idea that cytosine methylation can promote the binding of various transcription factors such as RBPJ, C/EBPb, and KLF4 ([@B14],[@B32],[@B36]) and significantly complicate the role of DNA methylation in the regulation of gene expression.

Repetitive elements are thought to affect gene expression by a variety of mechanisms including transcription factor recruitment, induction of DNA methylation, nucleosome positioning, and chromatin structure ([@B40]). Our data indicate that RBPJ binds preferentially to nucleosomal DNA and support previous findings that Alu sequences and Alu CpG methylation promote nucleosome phasing ([@B44],[@B45]). Importantly, our analysis of RBPJ ChIP seq data in T-cells generated by Wang *et al.* ([@B16]) revealed a similar increase in input material centered under RBPJ binding maxima suggesting that RBPJ binds to phased nucleosomes in other cell-types as well ([Supplementary Figure S8](#sup1){ref-type="supplementary-material"}). When coupled with our observation that RBPJ binding was frequently observed at the edges of transcriptionally active chromatin regions, these findings suggest that RBPJ may have effects on chromatin state and/or be a reader of chromatin structure. Our demonstration that RBPJ binds to phased nucleosomes (See model in Figure [6E](#F6){ref-type="fig"}) is similar to observations made for FOXA2 ([@B46],[@B47]), GATA3 ([@B48]) and the progesterone receptor ([@B49]). Like these 'pioneering' transcription factors, RBPJ may be involved in recruiting positive remodelers to condensed chromatin. In support of this role, Lake *et al.* have shown that RBPJ remains associated with chromatin during mitosis by a mechanism that involves DNA binding and that RBPJ binds to nucleosomes *in vitro* ([@B35]). Based upon the similar RNA Pol II and H3K9 acetylation ChIP footprints that we observed in control and RBPJ knockdown cells ([Supplementary Figure S9](#sup1){ref-type="supplementary-material"}), we do not think that RBPJ has significant effects on nucleosome positioning. It is well known that CpGs are significantly underrepresented in mammalian genomes due to the conversion of methylated cytosine into thymine by spontaneous deamination. Given the data presented above, it is possible that RBPJ binding to phased nucleosomes within Alus could protect against deamination or functionally contribute to conservation of these CpG rich regions. Our bioinformatics analyses of RBPJ binding within Alu sequences and nucleosome structure revealed preferential localization of the RBPJ binding site at the beginning and middle of the nucleosome dyad. This would tend to place the RBPJ cis element facing the outside of nucleosome structure, a positioning that has been shown to promote binding of other transcription factors to nucleosomes ([@B50]). Interestingly, we observed widespread correlation between RBPJ and SRF binding and our demonstration that SRF binds further away from the nucleosome core or between nucleosomes supports co-occupancy by these factors ([@B34]). RBPJ and SRF colocalization also correlated with increased RNAP recruitment and nucleosome phasing consistent with the detection of a phased nucleosome positioned just past transcription start sites ([@B53],[@B54]).

By comparing genome-wide measurements in control and RBPJ siRNA-treated SMC, we demonstrated that RBPJ inhibits the SMC differentiation gene program but is required for the expression of the inflammatory gene program. These changes closely parallel those observed in SMC in vivo during the development of atherosclerosis or during post-angioplasty restenosis suggesting that regulation of RBPJ function is important under these conditions. Interestingly, ∼75% of the genes induced by RBPJ knockdown had RBPJ binding sites positioned on the edges of active chromatin (Figure [2](#F2){ref-type="fig"} A, cluster 1) perhaps supporting an inhibitory boundary function for RBPJ under these conditions. The observation that these changes in gene expression and Pol II binding were dependent upon SRF further supports cooperation between these transcription factors and that the presence of RBPJ likely controls the recruitment of SRF as we have shown previously ([@B14]). For those genes with binding sites that overlapped with other positive chromatin marks (Figure [2A](#F2){ref-type="fig"}, cluster 2) the predominant change in expression in RBPJ knockdown cells was repression. The mechanisms by which these differences in RBPJ-associated chromatin structure result in differences in Pol II recruiting and gene expression are unknown. Previous studies have shown that differential recruitment of the NICD was important for context-dependent activation of Notch/RBPJ-dependent gene expression ([@B55],[@B15]) and this mechanism is the focus of continuing studies.

Although our data suggest that RBPJ and SRF interact in different ways to affect distinct gene programs in HuAo SMC, it will be interesting to determine whether these interactions occur in other cell types, or whether they are promoted by transcription signals or chromatin states that are unique to SMC. To our knowledge, there are no other cell-types in which both RBPJ and SRF binding have been examined by ChIP seq. However, SRF and RBPJ binding have been studied in separate primary B-cell lines that were immortalized similarly; GM12878 cells by EBV infection and IB4 cells by expression of the EBV viral component EBNA2. Thus, we compared SRF and RNA Pol II peaks in GM12878 cells (available on the UCSC ENCODE database) with RBPJ peaks identified in IB4 cells ([@B17]). As seen in [Supplementary Figure S10](#sup1){ref-type="supplementary-material"}, the percentage of RBPJ sites that also bound SRF in B-cells was much smaller than that observed in HuAo SMC suggesting that cooperation between these two transcription factors is at least partially cell-type-specific. In addition, the extent to which RBPJ, SRF and RBPJ/SRF binding sites overlapped with RNA Pol II binding was much less in B-cells suggesting that RNA Pol II recruitment requires additional mechanisms. It is important to note that our analyses demonstrated that most of binding sites for each factor were unique to that cell-type ([Supplementary Figure S10B](#sup1){ref-type="supplementary-material"}) which could reflect cell-type specific differences in transcription factor levels or chromatin accessibility.

In summary, our data suggest that RBPJ plays a critical and multifunctional role in the regulation of gene expression and chromatin structure in HuAo SMC. The fact that RBPJ interacted with consensus and methylated Alu elements significantly expands the mechanisms by which RBPJ could affect gene expression. Given the importance of RBPJ in the regulation of many developmental and disease processes, especially in the cardiovascular system, it will be critical to further examine the mechanisms that control RBPJ binding, its interactions with SRF, and the consequences of RBPJ binding to very different chromatin landscapes.
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